This circuit is designed to maximise the range of respiratory variables that can be monitored by a mass spectrometer either alone, or preferably in association with blood gas analysis. In particular, it permits monitoring of respiratory dead space, lung shunt, ventilation, and gas exchange, as well as inspired and end-expired gas concentrations. Laboratory and clinical data indicate satisfactory performance of the circuit both clinically and analytically. The circuit is most suitable for controlled ventilation where, by operating as a "minute volume divider", it confers stability of minute volume on the manual ventilation technique.
The modern respiratory mass spectrometer is now capable of reliable and comprehensive breath-by-breath respiratory gas analysis. When furnished with long inlet systems and multiplexing valves l -3 it is able to monitor a number of anaesthetised patients concurrently, thus increasing its overall clinical effectiveness.
Standard techniques for monitoring a wide range of respiratory variables usually require (in varying combinations) accurate measurements of gas volumes, concentrations in inspired, end-expired and mixed expired gas and tensions in arterial blood. The nature of anaesthetic circuits, particularly those with carbon dioxide absorption and/or various degrees of rebreathing, together with the inaccuracies and technical problems associated with existing in-circuit volume meters,4,5 limit the usefulness of measurements that can be made routinely by the mass spectrometer during clinical anaesthesia.
The new circuit was designed to increase the range of respiratory variables that can be "M.D., F.F.A.R.A.C.S., Staff Anaesthetist. tM.B., B.S., Anaesthetic Registrar. ~B.App1.Sc., Hospital Scientist. monitored automatically by a computer-linked mass spectrometer either alone, or preferably, in combination with blood gas analysis. In this paper the circuit is described and performance data obtained during its laboratory and clinical evaluation are presented.
CIRCUIT DESCRIPTION Clinical Aspects
The arrangement of circuit components and the flow of gases within the circuit are indicated in Figure 1 . Depending on circuit conditions, the fresh gas can flow into the reservoir bag, through the inspiratory valve and inspiratory limb to the patient, or via the hooded spill valve to the operating theatre scavenging system. Expired gas passes through the expiratory limb, mushroom valve and mixing chamber in series before exhausting into the theatre scavenger. The mushroom valve is connected via a three way tap either to atmosphere or to the inspiratory side upstream of the inspiratory valve. During spontaneous respiration, the spill valve is opened and the mushroom valve connected to atmosphere. Under these conditions the mushroom valve acts as a disc valve and the circuit functions as a non-return circuit. When ventilation is controlled, the spill valve is closed and the mushroom valve connected to the inspiratory side of the circuit. In this mode, with intermittent manual compression of the reservoir bag the circuit functions as a minute volume divider. That is to say that during normal use the minute volume of respiration is determined by the flow of fresh gas to the circuit, while the respiratory rate and profile only can be modified by the pattern of compression of the reservoir bag.
Analytical Aspects
Inspiratory / expiratory gas concentration waveforms for respiratory and anaesthetic gases are obtained by sampling continuously from the airway. Because there is no rebreathing of expired gas, the inspiratory concentration profile is flat, thus enabling a good approximation for mean inspired gas concentrations to be obtained directly (i.e. without integration with respect to volume) from the waveform. End-tidal concentrations are taken from the terminal part of the expiratory waveform. Concentrations in mixed expired gas are determined by sampling downstream from the mixing chamber. In addition, if an accurately metered flow of tracer gas is introduced before the mixing chamber, the expired ventilation can be ..
..
TRACER 1 GAS monitored simultaneously by measuring its dilution with expired gas. 6 For analytical precision it is important that there is no significant back flow of expired gas up the inspiratory limb or spill over of inspiratory gas directly into the expiratory limb. To minimise both these sources of error, a spring loading is applied to the inspiratory valve. Its opening pressure is such that during IPPV it opens only after sufficient pressure has been generated to close the expiratory mushroom valve. During spontaneous respiration the spill valve is adjusted to ensure that its opening pressure is less than the inspiratory valve, so that fresh gas in excess of inspiratory requirement is automatically vented to the theatre scavenger.
Details of the Prototype Circuit
The prototype circuit ( Figure 2 ) was constructed out of standard components modified where necessary to achieve the desired performance. It should be noted in Figure 2 that although both inspiratory and expiratory valves are held in the standard mounting bracket for the circle absorber circuit, there is no direct gas path between bracket and expiratory valve (the mounting taper is solid). There is, however, free communication ..
..
TO MAS S SPECTROMETER FRES H GAS EXHAUST .. The mushroom valve was developed by mounting a Bennett manifold expiration diaphragm (No. 0705 Bennett Respiration Products Inc., U.S.A.) over a valve seating (Part No. 511897 from modification kit 511902, CIG Medishield, Australia) fitted in turn into a standard circle expiratory valve. The resultant valve has an occlusion pressure (within the mushroom) of about 4.5 mm H 2 0 with respect to surrounding gas. Consequently the spring loading on the inspiratory valve was adjusted to give an opening pressure of 6.5 mm H 20 approximately.
The spill valve (type DF657, CIG Medishield) mounted inferiorly on the bracket is adjustable Anaesthesia and Intensive Care, Vol. IX, No. J, February, 1981 through 0-70 cm H 20 thus comprising elements of both spill and safety valves.
The mixing chamber, designed according to the recommendations of Davies and Denison 6 contains a number of mass spectrometer sampling ports by which its effective volume can be adjusted to optimise mIxmg performance over a wide range of minute volumes and respiratory patterns. Argon tracer gas from a size (c) cylinder mounted on the anaesthetic machine is metered through a high precision rotameter (Series 1100, Elliot Process Instruments) and ducted to the inlet port of the mixing chamber.
CIRCUIT PERFORMANCE

Methods of Assessment
Laboratory Studies. To assess resistance to gas flow the pressure fall in medical air during passage through the inspiratory or expiratory limbs at 0-60 IImin was measured with a precision inclinometer (Air Flow Developments Ltd., U.K.). Similar measurements of the standard CIG circle absorber system were made for comparison. Experiments were also conducted to determine the accuracy of ventilation measurement by argon tracer dilution. In these, medical air was passed via a Bird ventilator, through a Drager model lung, dry gas meter and circuit mixing chamber in series. Argon was fed into the mixing chamber at 0.252 IImin and its dilution measured with an MGA 200 respiratory mass spectrometer (20th Century Electronics, London) over a wide range of minute volumes and respiratory patterns.
Two aspects of mixing chamber performance were also studied. These were mixing efficiency and the ability of the chamber to reflect rapid changes in expired gas composition at different effective volumes, the latter being determined by the sampling point used. Inadequate mixing of tracer with expired gas is revealed by irregularities in a continuous recording of tracer concentrations during a steady state. The index, "070 mixing failure" used to quantify inadequate mixing is the peak to peak fluctuation in tracer concentration expressed as a percentage of the steady state concentration ( Figure 3 ). The response of the chamber (at different effective volumes) to changes in gas composition is assessed in terms of the 95% response time to a transient interruption in tracer gas input to the chamber. This index can also be calculated from a continuous recording of tracer concentration during the manoeuvre provided the switching events are also recorded ( Figure 3 ). The 95070 response time was measured from the line of best visual fit as indicated in Figure 3 .
concentrations in inspired, end-tidal and mlxlllg chamber gas were measured. Respiratory variables were subsequently calculated using the equations listed in appendix A.
Results and Discussion
Resistance to Gas Flow. The expiratory
Response Time.
30 Seconds .
... The associated tracer concentration in sampled mixing chamber gas is shown below. Mixing failure is defined as the steady state peak-to-peak noise level expressed as a percentage of the steady state concentration. The 95070 response time is the time (beginning from step reduction in tracer flow) for the argon concentration to fall by 95% of total.
Studies During Clinical Anaesthesia. To examine the competence of circuit valves and to confirm the circuit's general suitability for monitoring a range of respiratory variables, a study was conducted in 14 patients presenting for elective surgical lists. With the exception of one heavy smoker with chronic bronchitis and another patient with metastatic carcinoma of the large bowel, all were fit on preoperative examination. During each anaesthetic, when a steady state of gas exchange had been achieved (usually about 40 minutes after induction) an arterial sample was taken for blood gas analysis. At the same time, respiratory and tracer gas resistance of the circuit (Figure 4 ) compared very favourably with the circle absorber system, being slightly higher (maximum of 1.2 mm H 2 0) between 7-30 lImin but lower at flow above and below this interval. The added resistance of the mixing chamber was negligible at flows below 40 lImin. The inspiratory resistance ( Figure 5 ) at low flows was higher than in the circle system because of the spring loading on the inspiratory valve. However, it is well within the maximum level of acceptability quoted by Nunn. Comparisons with the dry gas meter through 1-18 l/min, inclusive of wide variations in "respiratory" pattern gave a regression slope of 1.01, a "y" intercept of -0.09, and a correlation coefficient of 0.9997. Almost all data points lay within ± 2% of the reglession line. The tracer dilution method, being unaffected by differences in gas composition, temperature, water vapour content, and imposing negligible resistance to respiration would appear to be of considerable potential value. It is however, dependent on accurate gas analysis and a highly consistent flow of tracer gas. Its accuracy under routine clinical conditions remains to be established.
Mixinf{ Chamber Performance. The laboratory studies indicated that to achieve a high mixing efficiency, a relatively large effective mixing volume was required. This imposed an unavoidable time lag before a change in expired gas concentration was completely reflected in gas sampled by the mass spectrometer. The results summarised in Figure  6 indicate that to preserve a mixing failure of less than 3070 for different respiratory patterns a minimum 0-95% response time of 30 seconds was required. In clinical use, the smoothing effect of the mixing chamber on breath-tobreath variations in tracer dilution is highly desirable. Since the time lag is closely linked also to this smoothing effect a delay of 30-60 seconds in mixing chamber response is considered justifiable.
Studies During Clinical Anaesthesia. The data derived from the clinical studies as summarised in Table 1 are in satisfactory general agreement with published figures for anaesthetised subjects. In particular, arterial! end-tidal Peo, gradients correlated satisfactorily with those of Nunn and Hil]8 who reported a mean of 5.0 mm Hg and a range of 0-10 mm Hg. Mean total functional dead space (45.9070 tidal volume) is in close agreement with Kain, Panday and Nunn Y who reported a mean of 45.8070 of tidal volume in 12 patients. No published measurements of anatomical plus apparatus dead space obtained using the Bohr equation were found. However, basic data on ventilated patients published by Hendenstierna and McCarthy,1O and Nunn and Hill 8 allowed this calculation to be made. There was good agreement between the results of the present study (36.5070 of tidal volume) and that of Hendenstierna and McCarthy (37070 of tidal volume). The data of Nunn and Hill gave a much lower value (28.6070 of tidal volume) but this could be explained by their use of an experimental circuit which had an electrically operated Iow dead space non-return valve attached directly to the endotracheal tube. Normal apparatus dead space excludes significant spiIIover of inspiratory gas directly into the expiratory limb. 6 It is also consistent with total competence of the inspiratory valve, although not conclusive, as retrograde flow of gas from the patient's dead space alone should not increase functional apparatus deadspaceY Mean V-A shunt for the group as calculated from alveolar arterial oxygen tension difference using the Nunn nomogram 7 was slightly lower than the range of mean values (8.6-15070) reported. 12 ,13,14,15,16 Mean oxygen uptake and carbon dioxide output were some 8070 higher than predictions for subjects of equivalent age and sex published by Nunn. 7 The mean respiratory exchange ratio of 0.83 could reflect the slight underestimation of oxygen uptake due to the use of identical values for inspired and expired ventilation. It should perhaps be noted that this error (small here because measurements were taken when anaesthetic uptake was low and stable) would be unacceptably large during unsteady states of gas exchange. A universally applicable method for measurement of oxygen and anaesthetic uptakes by mass spectrometry alone would require use of a relatively insoluble tracer gas to quantify differences between the inspired and expired ventilation 17 (Appendix A).
DISCUSSION
Clinical Aspects
With a significant inspiratory resistance and a need for high gas flows this circuit is not suitable for the spontaneously breathing patient. However, the circuit can be used more successfully during IPPV where the resistance of the inspiratory valve becomes immaterial. In fact, it does offer some advantages over standard circuits. As the expiratory valve shuts with manual compression of the reservoir bag the circuit is totally closed during the inspiratory period, thus enhancing the anaesthetist's sensitivity to changes in patient compliance and airway resistance. Also the minute volume divider principle confers stability of respired minute volume on the manual ventilation technique. To offset these however, are the continuing need for high gas flows, the absence of rebreathing with its potential for humidification, heat conservation and carbon dioxide homeostasis and the risk of high circuit pressures when the anaesthetist ceases to ventilate. In this situation the circuit pressure will rise eventually to 70 cm H 2 0 at which pressure automatic venting from the spill valve occurs. Despite this feature the circuit has been used without complications in over one hundred patients presenting for general, ophthalmic, and orthopaedic surgery.
Analytical Aspects
The results indicate the general accuracy and power of the mass spectrometer as a monitoring tool particularly when used with the circuit described. Once calibrated by a technician, the instrument's monitoring function is automatic and unobtrusive and involvement of the anaesthetist is restricted to the taking of a timed blood gas sample. Although in this study, all results were calculated retrospectively from paper recordings, they can be computed on-line Tr Tracer gas x gas of interest AA Anatomical plus apparatus (deadspace) TF Total functional (dead space) Equations:· Since all mass spectrometer measurements relate only to the dry gas fraction of the mixture analysed, all conversions between fractional concentrations and partial pressures are made (to B. T.P .S.) according to: Fx = P x (PB -47) -1 Most variables require measurements from mixing chamber gas. For these allowance must be made for dilution of expired gas by the tracer gas input to the mixing chamber. Where tracer already exists in the patient's expired gas (e.g. for argon tracer in patient breathing air) the following relationships hold: FEx = FMx (1 -Fihr) (l -FMTr)-1 VE (l,BTPS) = 1.12 VMTr (l -FMTr) (FMTr -FETr)-1 Where expired gas is essentially free of tracer gas (e.g. in anaesthetised patient after argon washout), these equations reduce to: As discussed above, the equation for oxygen intake is of limited validity, being applicable only when the difference between expired and inspired ventilation is very small. A more generally applicable form of the equation requiring the addition of tracer to inspired gas can be used once initial saturation of the body with tracer gas has been achieved. This is:
\rO, (l,STPD) = 0.925 VITr (FIO, FITr -I -FEo, FETr -1) *Full derivations available from authors on request.
